demonstrated that 0.25 mg/kg scopolamine (SCOP) selectively increased proactive interference (PI) from stored odor memories during learning. In the present study, rats with bilateral cholinergic lesions limited to the horizontal limb of the diagonal band of Broca, made with 192 IgG-saporin, were not impaired in acquiring the same olfactory discrimination task relative to control rats. Rats with bilateral 192 IgG-saporin lesions to all basal forebrain cholinergic nuclei (BF) also showed no impairment in acquisition of this task. However, the BF-saporin rats were hypersensitive to oxotremorine-induced hypothermia and demonstrated an increased sensitivity to PI following a low dose of SCOP (0.125 mg/kg) relative to control rats. The results suggest that weaker cholinergic modulation after cholinergic BF lesions makes the system more sensitive to PI during blockade of the remaining cholinergic elements.
normally, but the ACoA amnesic patients were impaired relative to controls on acquisition of the AC word list; the dominant error was direct intrusions of B items from the original word list, not semantic errors based on a general association to the learned response. Hence, cholinergic modulation originating from the BF may specifically support the attenuation of proactive interference in learning.
In the olfactory cortex, acetylcholine (ACh) and cholinergic agonists strongly suppress transmission at intrinsic fibers between pyramidal cells but have little effect on the synaptic transmission at afferent fibers originating from the lateral olfactory tract Linster, Wyble, & Hasselmo, 1999) . A computational model, based on the physiological effects of ACh in olfactory cortex, suggests that ACh may act via this mechanism to reduce proactive interference from stored odor memories (Hasselmo, Anderson, & Bower, 1992; Hasselmo & Bower, 1993 ). This computational model predicts that the selective cholinergic suppression of intrinsic, but not afferent, fiber synaptic transmission during learning could prevent interference between odor paired-associate stimuli with components that overlap with a previously learned odor paired-associate stimulus.
De Rosa and Hasselmo (2000) required rats to learn a baseline odor paired-associate stimulus (A+B-) and then concurrently learn two novel experimental odor paired-assocjate stimuli: A-C+, with an overlapping component (A), versus an odor pair D+E -, with no overlapping component. As predicted by the computational model, scopolamine, a competitive muscarinic cholinergic receptor antagonist, selectively increased proactive interference: Rats that received scopolamine (0.25 mg/kg) were selectively impaired in acquiring overlapping (AC) but not nonoverlapping (DE) odor pairs relative to their performance under normal saline. Rats injected with methylscopolamine (0.25 mg/kg) 314 performed comparably to their normal saline performance, confirming that this selective impairment was due to the central effects of scopolamine and supporting a role for ACh in attenuating proactive interference.
The described scopolamine impairment indicated that ACh modulates proactive interference in this olfactory associative memory task, but systemic administration of anticholinergics provided no information about the locus of the scopolamine effect within the central nervous system. We predicted that cholinergic projections to olfactory cortex would be primarily involved in the cholinergic modulation necessary for this task because of the electrophysiological effects of ACh in olfactory pyramidal neurons (Haberly & Bower, 1989; and in vivo neural activity observed in the olfactory pyramidal neurons of rats performing in a comparable olfactory discrimination task (Schoenbaum & Eichenbaum, 1995) .
To address specifically whether cholinergic projections from the BF to the rat olfactory cortex influence proactive interference generated by this particular task, the present study used immunotoxic lesions of the nucleus of the horizontal limb of the diagonal band of Broca (HDB), which is the primary cholinergic innervation to the olfactory bulb and cortex (Mesulam, Mufson, Wainer, & Levey, 1983; Wenk, Meyer, & Bigl, 1977) . Rats with bilateral selective cholinergic lesions in the HDB (Experiment 1) or of all BF nuclei (Experiment 2), made with the immunotoxin 192 IgGsaporin, were presented with the same associative olfactory memory task to further investigate the specific role of cholinergic modulation from the BF in the simultaneous discrimination task. The cholinergic immunotoxin, 192 IgG-saporin, provides a route for directly targeting the toxin, saporin, to cholinergic neurons in vivo. Injection of 192 IgG-saporin damages cholinergic neurons without damaging passing fibers; its effects are selective and reproducible (Heckers et al., 1994; Torres et al., 1994; Wiley, 1992; Wiley, Oeltmann, & Lappi, 1991) . To avoid damaging cerebellar cells that express p75 nerve growth factor receptors (Heckers et al., 1994; Walsh et al., 1995) , we administered the 192 IgG-saporin intraparenchymally into the HDB or all of the BF nuclei (e.g., Baxter, Bucci, Gorman, Wiley, & Gallagher, 1995) .
Experiment 1
In designing the present study, our primary assumption was that the processing necessary for this task was occurring in the olfactory cortex. Schoenbaum and Eichenbaum (1995) measured the firing properties of single pyramidal neurons in the olfactory cortex in behaving rats performing in a successive-cue olfactory discrimination task. Neural activity occurred during the following trial elements: (a) initiating a trial with a nose poke, (b) sampling the odor stimuli, and (c) responding to a trial by nose poking the water port. The olfactory cortical neurons encoded the odor stimuli's characteristics during sampling and maintained a representation of the odor stimuli during the response.
As in De Rosa and Hasselmo (2000) , the rats in the present study were required to learn the following three-term contingency: (a) the discriminative odor paired-associate stimulus, (b) the nose poke response to the reinforced odor stimulus, and (c) a green light above the water well and a nose poke response to the water port for reward or a red light below the water well after an incorrect operant response. The olfactory cortex represents all of the elements necessary to learn this task, and therefore, was hypothesized to be sufficient in the learning of the above task.
Method

Subjects
Male Sprague-Dawley rats (« = 12; mean weight = 250 g) were obtained from Charles River (Wilmington, MA). They were individually housed and kept on a 12-hr light-dark cycle. The rats were allowed 1 week for acclimatization to the humidity-and temperature-controlled vivarium in the Psychology Department of Harvard University. To ensure motivation to perform the task, access to water was restricted for 48 hr prior to their initial training. After each session, the rats were given ad-lib access to water for 15 min; otherwise, they were only provided water during test sessions. Under this schedule, rats did not drop below 90% of their ad-lib weight. All testing took place during the light phase of the cycle.
General Paradigm
Percentage of correct responses was the dependent measure and was calculated for each session, which consisted of 64 trials. Each odor set comprised five odorants chosen to be perceptually distinct and of similar intensity by humans. For each odor set, the rats were required to learn discriminations consisting of five odors (A, B, C, D, and E) that were paired in three different combinations (A+B-, A-C+, and D+E-). For each discrimination, two different odor cues were presented simultaneously from independent odor ports. The port from which each odor was presented was counterbalanced across trials. Across the entire experiment, the rats encountered four odor sets for a total of 20 odors.
The first phase of the task entailed learning a baseline odor discrimination A+B-to a performance criterion of 18 correct responses in 20 consecutive trials. Once the rats had acquired this discrimination, they were assigned to two surgical groups, HDB-vehicle and HDB-saporin, equated for mean performance on A+B-. The experimenter remained unaware of the rats' surgical conditions until after the rats were killed.
The rats were tested for retention of A+B-postsurgery and met the same performance criterion. Then they were simultaneously presented with the two experimental odor pairs: A-C+ (overlapping) and D+E-(nonoverlapping). The overlapping odor pair acted as the stimulus to produce proactive interference, and the nonoverlapping odor pair acted as the control for learning a novel odor pair postsurgery.
Olfactometer
An olfactometer (odor generator and test chamber), constructed in our laboratory, provided precise and fully automated control of the odor stimulus and the testing environment of the subject. In our olfactometer, all procedural events were controlled and all behavioral events were recorded by a computer with custom-designed interfaces. In this 16-channel flowdilution olfactometer, the air flow system was controlled by flow meters and two-way solenoid valves, allowing clean air to flow continuously at 2.5 liters per minute (LPM) and odorized air to flow at 2.0 LPM when appropriate. On each trial, the left-right positions of two odors were selected according to a pseudorandom schedule and counterbalanced within a session. Odorized and clean air flowed through chemically resistant tubing. For a detailed description of the olfactometer construction, see De Rosa and Hasselmo (2000) .
There was an infrared (IR) photobeam across the opening of two conical odor ports and a well, which were made of chemically resistant Delrin material (Small Parts, Miami Lake, FL). A 1-cm Plexiglas barrier was placed in front of these odor ports to force the rat to poke into the odor port deliberately rather than allowing it to accidentally break the IR beam across the odor port opening. The odor ports were placed on either side of the water well 4 cm apart to promote independent presentation of each component of the odor pair.
A 5-V green LED positioned immediately over the well signaled reinforcement, and a 5-V red LED positioned immediately under the water well and centered over the two odor ports signaled any incorrect response. The two LEDs were placed in spatially distinct places on the front panel because albino rats have poor vision and no color vision.
The Appendix lists all of the experimental odorants used in this study, which were provided by either Sigma Chemical (St. Louis, MO) or The Body Shop (Wake Forest, NC).
Operant Procedure
This was a discrete-trial operant task in which each rat was shaped to (a) move toward the back of the chamber while clean air was being presented, (b) approach odorized air at the front of the chamber, (c) place its nose in an odor port when odor was present, and (d) retrieve water by breaking the appropriate IR photobeam after a nose poke to the reinforced odor. As the rats retrieved water from the well and as they moved away from the odor ports, clean air flowed through the system, and any odorized air left in the chamber was exhausted by vacuum.
The task required the rats to respond directly to the discriminative odor stimuli with a nose poke. If the rat correctly nose poked, then the green LED immediately over the well signaled the rat to break the water well IR photobeam to receive 0.05 ml of water. If the rat made an incorrect response, then the red LED turned on for at least 4 s. Between trials, the rats were required to move away from the odor ports and to then await trial onset in the form of an odor presentation. The experimenter controlled the trial onset, and the rats had to await the trial-onset signal-odor present stimuli in the chamber. For more detailed description about the operant paradigm, see De Rosa and Hasselmo (2000) .
Shaping Procedure
Each rat was exposed to the operant chamber for 10 min for acclimatization and were then water deprived for 48 hr to motivate it for this operant procedure. After 48 hr of water deprivation, the rats were first presented with simultaneous discriminations of odor versus no odor for the shaping procedure; that is, clean air and an odor were simultaneously presented from the two odor ports. They were required to nose poke the odor port from where an odor was presented and were presented with alternating blocks of 16 trials of left responses and 16 trials of right responses. As the rats attained a performance criterion of 18 correct responses in 20 consecutive trials, they were moved toward trials in which the side of odor presentation was randomly alternated. During shaping, "correction" trials were presented to prevent the rats from developing a side bias. Training to randomly presented trials was continued until the same performance criterion was met.
Experimental Procedure
Once all of the rats reached criterion on odor versus no odor, they then learned their first simultaneous odor discrimination task, in which two different odors were independently and simultaneously presented from both odor ports. Of the two odors, one odor was arbitrarily labeled the reinforced odor (A+B-). The rats indicated their choice with a nose poke to the odor port with the reinforced odor. Presentation of randomly presented trials was continued until a performance criterion of 18 correct responses in 20 consecutive trials was met. Once the rats had acquired A+B-to criterion, they were randomly assigned to either the surgical control (HDB vehicle) or experimental (HDB saporin) group.
Surgery
Anesthesia was induced with an intramuscular injection of ketamine (80 mg/kg) and xylazine (5 mg/kg) and supplemented as necessary with additional injections during surgery. Atropine sulfate was administered with a subcutaneous injection (0.16 mg) to prevent fluid buildup in the lungs. After delivery of the first anesthetic dose, the rat's head was shaved and the rat was mounted in the stereotaxic apparatus (Kopf Instruments, Tujunga, CA). All surgeries were conducted under aseptic conditions.
The flat skull reference planes of the Paxinos and Watson (1998) atlas were used. Two holes were drilled at stereotaxic coordinates AP -0.15 mm, ML ±1.8 mm relative to bregma. Four injections, two in each hemisphere, of sterile phosphate-buffered saline (0.1 M sodium phosphate in 0.9% NaCl; control surgeries, n = 6) or 192 IgG-saporin (lesion surgeries, n = 6; Chemicon, Temecula, CA; 0.175 /u-g/fil) were placed in the HDB through a 28-gauge Hamilton syringe. Two 0.2-;u,l injections at 0.05 /u,l/min were made on each side, one at DV -9.0 mm and another at DV -8.5 mm relative to bregma. The needle was left in place for 2 min after the first injection and 4 min after the second injection.
After the injections were complete, the wound was closed with Vicryl sutures and an antibiotic/topical analgesic ointment was liberally applied around the sutures. An intramuscular injection of an analgesic, Banamine (flunixin meglumine, 0.5 mg) was delivered, and to prevent dehydration a subcutaneous injection of normal saline (0.9% NaCl; 2 ml/100 mg body weight) was delivered immediately postsurgery.
Postsurgical Procedures
The rats were reexposed to the operant chamber for 10 min and then water deprived on Day 10 postsurgery. On Days 12 and 13 postsurgery, the rats were reexposed to A+B-; all of the rats reached a performance criterion of 18 correct responses in 20 consecutive trials postsurgery on A+B-. Starting on Day 14 postsurgery, the rats were tested on the two novel experimental odor pairs: overlapping (A-C+) and nonoverlapping (D+E-). For three consecutive sessions, the rats were presented with 32 trials of A-C+ and 32 trials of D+E-intermixed in a pseudorandom order. At the beginning of each experimental session, they were presented with 16 "reminder" A+B-trials. If a rat did not reach criterion on the experimental task within the three consecutive sessions, it was trained to criterion on that odor set before advancing to the next odor set. The dependent measure was percentage of correct responses on each odor discrimination (AC or DE). The rats received two separate odor sets: Odor Set 1 comprised three discriminations (AB,, AC^ DE(), and Odor Set 2 comprised another three discriminations (AB 2 , AC 2 , DE 2 ).
Drug Treatment
A subset of rats (« H DB-vehicie = 3 and «HDB-sa P orin = 5) were tested on two additional odor sets to examine whether sensitivity to muscarinic antagonists had increased after the HDB-saporin lesions. The drug scopolamine hydrobromide (scopolamine), a central muscarinic receptor antagonist, was dissolved in a normal saline vehicle (0.9 g NaCl/100 ml H 2 O). Either normal saline or a 0.125-mg/kg dose of scopolamine was administered intraperitoneally 15 min prior to each session of the experimental task: overlapping and nonoverlapping odor pairs. This dose of scopolamine was chosen because it had no effect on rats in the previous study (De Rosa & Hasselmo, 2000) and, therefore, would allow clear interpretation of any observed impairment on learning.
The rats received two separate odor sets: Odor Set 1 comprised three new discriminations (AB 3 , AC 3 , DE 3 ), and Odor Set 2 comprised another three new discriminations (AB 4 , AC 4 , DE 4 ), using the same testing procedures described previously. Each rat was administered each drug (normal saline or scopolamine) across the two different odor sets. Half of the rats in each lesion group received normal saline, and the other half received scopolamine for the first odor set and then reversed drug conditions for the second odor set. If a rat did not reach criterion with the three consecutive sessions, it was trained to criterion on that odor set before advancing to the next odor set. The dependent measure was percentage of correct responses on each odor discrimination (AC or DE).
Histological Analysis
The rats were killed with an overdose of sodium pentobarbital (100 mg/kg, ip) and transcardially perfused with approximately 100 ml ice-cold normal saline followed by approximately 350 ml ice-cold 4% paraformaldehyde. Brains were postfixed in 4% paraformaldehyde for 2 h and then placed in a solution of 20% sucrose in phosphate-buffered saline. Brains were sectioned on a freezing-sliding microtome at a thickness of 60 |iim. Adjacent sections were used for staining for acetylcholinesterase (AChE) histochemistry, choline acetyltransferase (ChAT) immunohistochemistry, and parvalbumin immunohistochemistry. Parvalbumin immunoreactivity is predominantly colocalized in the GABAergic cells of the HDB (Zaborszky, Carlsen, Brashear, & Heimer, 1986 ) and the medial septum/vertical limb of the diagonal band of Broca (MS/VDB; Freund, 1989) ; intact parvalbumin staining in the lesioned cases indicated the specificity of the cholinergic lesion. AChE histochemistry, determined according to the method described by Paxinos and Watson (1998) , was used to assess the extent of cholinergic fiber loss in target structures of the HDB. After all histological assays, the brain slices were mounted on gelatin-coated slides, dehydrated and cleared using an ascending ethanol and xylene series, coverslipped with DPX, and examined under a light microscope.
Results
Histological Analysis
ChAT-immunoreactive cells were observed in the HDB of all of the sham-operated control rats (HDB-vehicle). The administration of 192 IgG-saporin resulted in the loss of ChAT-immunoreactive cells in the HDB-saporin rats. To verify the selectivity of 192 IgG-saporin for cholinergic cells, tissue sections from all of the rats were stained for parvalbumin immunoreactivity; parvalbumin-immunoreactive cells were observed in all of the rats. AChE staining revealed a loss of cholinergic fibers in the olfactory bulbs and olfactory cortex of HDBsaporin rats. Photomicrographs are presented in Figure 1 .
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Behavioral Analysis
AB reminder trials. The rals were presented with three consecutive 16-trial AB reminder sessions before each session of the experimental odor set (AB,: AC, vs. DE,; then AB 2 : AC 2 vs. DE 2 ). The percentage of correct responses for the A+B-reminder trials was calculated and submitted to a 3 X 2 X 2 mixed analysis of variance (ANOVA) with two within-group factors (session and odor set) and one between-group factor (lesion condition).
Performance on the initial A+B-reminder trials was maintained during the learning of the new discriminations in each odor set (A/ odor Set , = .880, SD = .085; M odor Set 2 = .845, SD = .088) and was unaffected by the HDB lesion. There was no effect of lesion condition on A+B-performance, F(\, 10) = .97, (A/HDB-vehide = .862, SD = .082; M HDB . saporin = .863, SD = .094). There was also no effect of session, F(2, 20) = 2.47, p = .11. There was a marginal effect of odor set, F(l, 10) = 4.22, p = .07, demonstrating that performance on the first odor set was marginally better.
Experimental odor pairs (AC vs. DE) . The rats were presented with three consecutive 64-trial acquisition sessions for each experimental odor set (AC, vs. DE,, then AC 2 vs. DE 2 ). The percentage of correct responses for each experimental session was calculated and submitted toa3X2x2x2 mixed ANOVA with three within-group factors (session, odor pair, and odor set) and one between-group factor (lesion condition).
The HDB-vehicle rats and HDB-saporin rats show no significant difference between them for acquisition of either odor pair in the experimental task (Figure 2 ). There was no significant effect of lesion condition, F(l, 10) = .19, or Odor Pair X Lesion interaction, F(l, 10) = .02. In two different odor sets, the rats were presented with the experimental odors for three consecutive sessions, and there was a significant main effect of session, F(2, 20) = 36.4, p = .0001, demonstrating that the rats gradually acquired the experimental odor pairs across consecutive sessions.
Our task was sensitive enough to demonstrate that the overlapping odor pair, A-C + , designed to undergo proactive interference from the initial Odor Pair A+B -, was more difficult to acquire than the nonoverlapping Odor Pair D+E-(M odor Pair DE = .837, SD = .127; M odor Pair AC = .556, SD = .258); this was evidenced HDB vehicle HDB saporin Lesion condition Figure 2 . Mean proportion of correct responses for the overlapping (AC) and nonoverlapping (DE) odor pairs collapsed across session in Experiment 1. The HDB-vehicle rats and HDB-saporin rats, for each odor pair, did not differ in acquisition of the experimental task. HDB = horizontal limb of the diagonal band of Broca.
in a main effect of odor pair, F(l, 10) = 42.3, p = .0001. There was also a Session X Odor Pair interaction, F(2, 20) = 3.60, p = .05, indicating the rats improved more on the overlapping odor pair (AC) across sessions. This is mainly because proactive interference produced poor performance on the overlapping odor pair in the first sessions. Other main effects and interactions did not reach statistical significance.
An effect size estimation (Cohen's d, expressed as a Pearson r for ease of interpretation) was computed from the appropriate t test to compare our previous finding directly with the present finding. In our original study (De Rosa & Hasselmo, 2000) , there was a strong effect of the 0.25 mg/kg dose of scopolamine on acquisition of the overlapping odor pair (A-C+) compared with the normal saline performance (Cohen's d = 3.02, r = .83). It was hypothesized that by selectively removing the cholinergic input to the olfactory cortex we would replicate this finding. However, there was only a very weak, and nonstatistically significant, effect of the HDB lesion on acquisition of the overlapping odor pair (Cohen's d = .41, r = .20).
AB reminder trials: Scopolamine versus normal saline. The rats were presented with three consecutive 16-trial AB reminder sessions before each session of the experimental odor set (AB 3 : AC 3 vs. DE 3 ; then AB 4 : AC 4 vs. DE 4 ). The percentage of correct responses for the A+B-reminder trials was calculated and submitted to a 3 X 2 X 2 mixed ANOVA with two within-group factors (session, drug condition) and one between-group factor (lesion condition).
Both lesion groups performed equally well on retention of the A + B-discrimination, under the influence of scopolamine and normal saline, and performance on A + B-was maintained while acquiring the two experimental odor pairs, A-C+ and D+E-, under the influence of scopolamine and normal saline. There was no effect of lesion on A+B-performance, F(l, 6) = .35, (A/HDB-vehide = -903, SD = .072; M HDB _ saporin = .877, SD = .074). There was also no effect of session, F(2, 12) = 1.51, p = .26, or drug condition, F(l, 6) = .89, (M normal saline = .896, SD = .075; M scopolamine = .877, SD = .073). Last, there was no Drug X Lesion interaction, F(l, 6) = .038, indicating that there was no differential effect of scopolamine on the HDB-vehicle and HDBsaporin rats.
Experimental odor pairs (AC vs. DE) : Scopolamine vs. normal saline. The rats were presented with three consecutive 64-trial acquisition sessions for each experimental odor set (AC 3 vs. DE 3 , then AC 4 vs. DE 4 ). De Rosa and Hasselmo (2000) demonstrated that rats were not impaired while performing this task under the influence of a 0.125-mg/kg dose of scopolamine. However, if any compensatory mechanism did not fully replace cholinergic function, then we expected the HDB-saporin rats to be impaired on the overlapping odor pair under the influence of scopolamine relative to their normal saline performance.
The percentage of correct responses for each experimental session was calculated and submitted to a 3 X 2 X 2 ANOVA with three within-group factors (session, drug condition, and odor pair) for the HDB-saporin rats. The HDB-saporin rats were not impaired on the acquisition of either odor pair under the influence of scopolamine relative to their normal saline performance (Figure 3) . In a one-tailed test of drug condition, there was no main effect of drug, t (4) effect of session, F(2, 8) = 6.33, p = .02, indicated that the rats gradually acquired the experimental odor pairs across consecutive sessions. Again, there was a main effect of odor pair, F(l, 4) = 23.98, p = .008, demonstrating that we were able to produce proactive interference. There was also a Session X Odor Pair interaction, F(2, 8) = 4.28, p = .05, which, as in previous analyses, was mainly due to the fact that proactive interference produced poorer performance on the overlapping odor pair in the first session. We expected the HDB-vehicle rats to behave as the control conditions in our previous study (De Rosa & Hasselmo, 2000) and not to be impaired under the influence of 0.125 rng/kg scopolamine relative to their normal saline performance. The percentage of correct responses for each experimental session was calculated and submitted to a 3 X 2 X 2 ANOVA with three within-group factors (session, drug condition, and odor pair). The HDB-vehicle rats were not impaired on the acquisition of either odor pair under the influence of scopolamine relative to their normal saline performance (see Figure 3) . In a one-tailed test of drug condition, there was a marginal main effect of drug, ?(4) = 2.4, p = .07 (HDBvehicle: M scopolamine = .840, SD = .133; M normal saline = .731, SD = .171), in which the HDB-vehicle rats improved under the influence of scopolamine and thus in the opposite direction from that which was predicted. Most important, scopolamine did not affect the performance of the HDB-saporin rats. Rats in the HDBsaporin and HDB-vehicle conditions performed comparably on acquisition of the experimental odor pairs under both drug conditions (see Figure 3) . Proactive interference was observed in both groups even in the absence of a drug effect (HDB-saporin: 
Discussion
All of the rats were able to maintain a high performance on Odor Pair AB while acquiring AC and after it had been learned, indicating that, as the rats were acquiring Odor Pair A-C+ and once it had been learned, Odor Pair A-C + existed in memory concurrently with Odor Pair A+B-. The HDB-saporin rats and HDBvehicle rats performed comparably on acquisition of the experimental odor pairs (A-C + , D+E-). Thus, there was no global learning deficit or increased sensitivity to proactive interference in the HDB-saporin rats; all of the rats gradually acquired the experimental odor pairs across three consecutive sessions.
As expected, all of the rats found the overlapping odor pair (A-C+) more difficult to acquire than the nonoverlapping odor pair (D+E-). Our task was able to induce proactive interference, evidenced in the significantly worse performance on AC relative to DE. Unlike the previous scopolamine effect, removing the cholinergic input to the olfactory cortex did not exacerbate the rats' sensitivity to proactive interference.
To test for a change in the level of cholinergic modulation, we measured learning under the influence of a low dose of scopolamine (0.125 mg/kg). This dose had previously been shown not to impair acquisition of our task, relative to a rat's performance under normal saline (De Rosa & Hasselmo, 2000) . If the compensatory mechanism did not fully replace ACh, then we expected that there would be an increased sensitivity to cholinergic blockade and the HDB-saporin rats' scopolamine performance to be impaired rela-live to their normal saline performance on acquiring Odor Pair A-C+, not Odor Pair D+E-. However, no significant difference was found in the HDB-saporin rats for either odor pair under the influence of 0.125 mg/kg scopolamine. This finding also suggests that the intact learning in the HDB-saporin rats cannot be accounted for by an incomplete lesion; if cholinergic projections to olfactory structures mediated the scopolamine effect observed by De Rosa and Hasselmo (2000) , then the sensitivity of the HDBsaporin rats to scopolamine should have been exacerbated, but it was not.
28-gauge Hamilton syringe. One 0.3-^.1 injection at 0.05 /j,l/min was made on each side at DV -7.8 mm relative to bregma; the needle was left in place for 9 min after this injection. One 0.2-/nl injection at 0.05 /xl/min was made on each side at DV -6.2 mm relative to bregma; the needle was left in place for 6 min after this injection. Four injections, two in each hemisphere, were placed in the nBM/SI at stereotaxic coordinates AP -0.75 mm, ML ±2.3 mm (medial sites), and ML ±3.3 mm (lateral sites) relative to bregma (Paxinos & Watson, 1998) . One 0.2-^1 injection at 0.10 /^1/min was made at DV -8.1 mm relative to bregma in each lateral site and at DV -7.8 mm relative to bregma in each medial site; the needle was left in place for 3 min after each injection.
Experiment 2
In Experiment 1, it was hypothesized that the olfactory cortex would be an important locus for the effect of cholinergic blockade on proactive interference in olfactory associative learning (De Rosa & Hasselmo, 2000) . However, we found that selectively removing the cholinergic input to the olfactory cortex was insufficient to influence olfactory associative learning. Because ACh may have similar functional significance in other targets of the magnocellular cholinergic nuclei of the BF (e.g., in the hippocampus; Hasselmo & Schnell, 1994) , we considered the possibility that removal of BF cholinergic input to all cortical targets might be required for an effect on proactive interference to emerge.
Hence, in Experiment 2, rats with selective removal of all of the cholinergic nuclei of the BF-the HDB, the MS/VDB, and the nucleus basalis magnocellularis/substantia innominata (nBM/ SI)-made by intraparenchymal injections of 192 IgG-saporin were tested on our associative memory task. If the cholinergic nuclei of the BF modulate proactive interference, then we would expect the rats that receive selective immunotoxic lesions of the magnocellular cholinergic nuclei to be more sensitive to proactive interference than the sham-operated rats.
Method Subjects
Male Sprague-Dawley rats (n = 11; weight = 250 g) were obtained from Charles River (Wilmington, MA). They were individually housed and kept on a 12-hr light-dark cycle. The rats were allowed 1 week for acclimatization to the humidity-and temperature-controlled vivarium in the psychology department of Harvard University. To ensure motivation to perform the task, access to water was restricted for 48 hr before their initial training. After each session, the rats were given ad-lib access to water for 15 min; otherwise, they were only provided water during test sessions. Under this schedule, rats did not drop below 90% of their ad-lib weight. All testing took place during the light phase of the cycle. All experimental manipulations were as in Experiment 1.
Surgery
Surgical procedures were identical to those in Experiment 1, except a greater number of 192 IgG-saporin injections were placed in the BF. Eight holes were drilled in the skull to permit infusion of 192 IgG-saporin (0.150 /Ag/ju.1; lesion surgeries, n -6) or sterile phosphate-buffered saline (0.1 M sodium phosphate in 0.9% NaCl; control surgeries, n = 5) into the HDB, as in Experiment 1, as well as into the MS/VDB and nBM/SI (coordinates and infusion parameters taken from Baxter et al., 1995) . Briefly, the injections in the MS/VDB were made at stereotaxic coordinates AP +0.45 mm, ML ±0.6 mm relative to bregma (Paxinos & Watson, 1998) . Four injections, two in each hemisphere, were placed in the MS/VDB through a
Testing Procedure
The general paradigm, shaping procedures, and postoperative testing procedures, including treatment with scopolamine, were identical to those in Experiment 1. However, a further pharmacological experiment was performed to examine whether sensitivity of postsynaptic muscarinic receptors was altered in the BF-saporin rats after the completion of behavioral testing. The rats were anesthetized intramuscularly with 80 mg/kg ketamine and 5 mg/kg xylazine and then injected 10 min later with oxotremorine sesquifumarate (1.0 mg/kg ip), a central muscarinic cholinergic agonist that induces hypothermia (Lomax & Jenden, 1966) . Oxotremorine is cholinomimetic, so it acts on the postsynaptic membrane like ACh but is not susceptible to destruction by AChE; therefore, we can test the sensitivity of the postsynaptic membrane. Core body temperature was measured (in degrees Fahrenheit) with a rectal thermometer at 5, 10, 15, 20, 25, 30, and 35 min postinjection to examine a potential hypersensitivity of the muscarinic cholinergic receptors.
Results
Histological Analysis
ChAT-immunoreactive cells were observed in the BF of the sham-operated control rats (BF-vehicle). The administration of 192 IgG-saporin resulted in the loss of ChAT-immunoreactive cells in the BF-saporin rats. To verify the selectivity of 192 IgG-saporin for cholinergic cells, tissue sections from the rats were stained for parvalbumin immunoreactivity. Parvalbuminimmunoreactive cells were observed in the cholinergic nuclei of all of the rats. A series of sections, throughout the rostral-caudal extent of the brain, was also processed for AChE histochemistry according to the method described by Paxinos and Watson (1998) . AChE staining of tissue sections of all of the rats revealed a loss of cholinergic fibers in the olfactory cortex, hippocampus, and neocortex in BF-saporin relative to the BF-vehicle rats. Figure 4 displays the ChAT-immunoreactive cells in the BFvehicle rats and the lack of ChAT-immunoreactive cells in BFsaporin rats. Figure 5 displays the parvalbumin-immunoreactive cells in both the BF-vehicle and BF-saporin rats.
Behavioral Analysis
AB reminder trials. The rats were presented with three consecutive 16-trial AB reminder sessions before each session of the experimental odor set (AB,: AC, vs. DE,; then AB 2 : AC 2 vs. DE 2 ). The percentage of correct responses for the A+B-reminder trials was calculated and submitted to a 3 X 2 X 2 mixed ANOVA, with two within-group factors (session and odor set) and one between-group factor (lesion condition). Performance on the initial A+B-reminder trials was maintained during the learning of the new discriminations in each odor set and was unaffected by the BF lesion. There was no effect of lesion on A+B-performance, F(l, 9) = 1.730, p = .22 (^HP-vehicle = -866, SD = .073; M BF _ saporin = .904, SD = .089). There was also no effect of session, F(2, 18) = 1.716. Performance on the first odor set was better than on the second odor set, main effect of odor set F(l, 9) = 6.074, p = .04 (M odor Set , = .915, SD = .075; M 0dor Set 2 = .860, SD = .084).
There was a significant Session X Lesion Condition interaction, F(2, 18) = 3.726, p = .04, but this did not reflect an impairment in the lesioned rats, because the rats' performance on A+B-was maintained while acquiring the two experimental odor pairs, A-C+ and D+E-; Session 1: M, M. Experimental odor pairs (AC vs. DE) . The rats were presented with three consecutive 64-trial acquisition sessions for each experimental odor set (AC, vs. DE|, then AC 2 vs. DE 2 ). The percentage of correct responses for each experimental session was calculated and submitted toa3x2x2x2 mixed ANOVA, with three within-group factors (session, odor pair, and odor set) and one between-group factor (lesion condition).
Rats in the BF-saporin and BF-vehicle conditions performed comparably on acquisition of the experimental odor pairs ( Figure  6 ). There was no effect of lesion, F(l, 9) = .59, or Odor Pair X Lesion interaction, F(l, 9) = .002. The rats were presented with the experimental odors for three consecutive sessions, and there was a significant main effect of session, F(2, 18) = 37.5, p = .0001, demonstrating that the rats gradually acquired the experimental odor pairs across consecutive sessions.
Our task was sensitive enough to demonstrate that the overlapping odor pair, A-C+, designed to undergo proactive interference from the initial Odor Pair A+B -, was more difficult to acquire than the nonoverlapping Odor Pair D+E-: main effect of odor pair, F( 1,9) = 121. Odor Pair interaction, F(2, 18) = 8.880,p = .002, mainly because proactive interference produced poor performance on the overlapping odor pair in the first sessions. There was also an Odor Set X Session X Odor Pair interaction, F(2, 18) = 5.236, p = .016; the rats improved their performance on acquisition of AC in the early sessions of the second odor set relative to the early sessions of the first odor set.
As in Experiment 1, an effect size estimation was computed from the appropriate Student's ?-test to compare our previous finding directly with the present finding. We found a very weak effect of the BF lesion on acquisition of the overlapping odor pair, Cohen's d = .21 (r = .10) compared with Cohen's d = 3.02 (r = .83) for the original scopolamine effect on acquisition of Odor Pair AC (De Rosa & Hasselmo, 2000) .
AB reminder trials: Scopolamine versus normal saline. The rats were presented with three consecutive 16-trial AB reminder sessions before each session of the experimental odor set (AB 3 : AC 3 vs. DE 3 ; then AB 2 : AC 4 vs. DE 2 ). As in Experiment 1, the percentage of correct responses for the A+B-reminder trials was calculated and submitted to a 3 X 2 X 2 mixed ANOVA, with two within-group factors (session and drug condition) and one between-group factor (lesion condition).
Performance on A+B-was maintained while acquiring the two experimental odor pairs, A-C+ and D+E-, under the influence of scopolamine and normal saline, and both lesion groups performed equally well on retention of the A+B-discrimination under the influence of scopolamine and normal saline. There was no effect of lesion or drug condition on A+B-performance: main effect of lesion, F(l, 9)= .022 (M BF _ vehicle -.866, SD = .067; M BF _ saporin = .863, SD = .088); main effect of drug condition, F(l, 9) = .278, p = .611 (M normal saline = .858, SD = .086; M scopolamine = .871, SD = .072). There was also no effect of session, F(2, 18) = .426. However, there was a significant Session X Drug interaction, F(2, 18) = 6.960, p = .006, but the difference in performance was not in a consistent direction, and the rats maintained their performance on A+B-across the three sessions ( (2000) demonstrated that rats were not impaired while performing this task under the influence of a 0.125-mg/kg dose of scopolamine.
However, if any compensatory mechanism did not fully replace cholinergic function, then we expected the BF-saporin rats to be impaired under the influence of scopolamine relative to their normal saline performance, especially on the overlapping odor pair.
The percentage of correct responses for each experimental session was calculated and submitted to a 3 X 2 X 2 ANOVA, with three within-group factors (session, drug condition, and odor pair) for the BF-saporin rats. The BF-saporin rats were impaired on acquiring the overlapping odor pair (A-C+) under the influence of scopolamine but not on acquiring the nonoverlapping odor pair (D+E-) relative to their normal saline performance (Figure 7) . In a one-tailed test of drug condition, there was a main effect of drug, t(5) = 2.28, p = .036, in which the BF-saporin rats' performance was relatively impaired under scopolamine. The rats were presented with the experimental odors for three consecutive sessions, and there was a significant main effect of session, F(2, 10) = 21.1, p = .0003, demonstrating that the rats gradually acquired the experimental odor pairs across consecutive sessions. Again, there was a main effect of odor pair, F(l, 5) = 30.2, p = .003, demonstrating that we were able to produce proactive interference. There was also a Session X Odor Pair interaction, F(2, 10) = 9.83, p = .004, mainly because proactive interference produced poorer performance on the first overlapping odor pair in the first sessions.
In the planned comparison of the BF-saporin rats' performance on each odor pair, one-tailed tests showed that (a) the BF-saporin rats were significantly impaired on their scopolamine performance relative to their normal saline performance on acquiring Odor Pair AC, t(5) = 2.104, p = .045, and (b) the BF-saporin rats were not significantly impaired on their scopolamine performance relative to their normal saline performance on acquiring Odor Pair DE, t(5) = .077, p = .47. We expected the BF-vehicle rats to behave as in the control conditions in our previous study (De Rosa & Hasselmo, 2000) and not to be impaired under the influence of 0.125 mg/kg scopolamine relative to their normal saline performance. The percentage of correct responses for each experimental session was calculated and submitted to a 3 X 2 X 2 ANOVA, with three within-group factors (session, drug condition, and odor pair). The BF-vehicle rats were not impaired on the acquisition of either odor pair under the influence of scopolamine relative to their normal saline performance (see Figure 7) . In a onetailed test of drug condition, there was no main effect of drug, £(4) = .032, p = .491. A significant main effect of session, F(2, 8) = 5.29, p = .03, indicated that the rats gradually acquired the experimental odor pairs across consecutive sessions. Again, there was a main effect of odor pair, F(l, 4) = 54.194, p = .002, demonstrating that we were able to produce proactive interference. There was also a Session X Odor Pair interaction, F(2, 8) = 7.614, p -.014, which, as in previous analyses, was mainly due to the fact that proactive interference produced poorer performance on the first overlapping odor pair in the first session.
In a one-tailed test, the BF-vehicle rats were not impaired on their scopolamine performance relative to their normal saline performance on acquiring Odor Pair AC, t(4) = .412. Also, in a one-tailed test, the BF-vehicle rats were not impaired on their scopolamine performance relative to their normal saline performance on acquiring Odor Pair DE, t(4) = .399.
We compared the effect size across studies. Our previous scopolamine finding showed a strong effect of 0.25 mg/kg scopolamine on acquisition of the overlapping odor pair (A-C + ) compared with the normal saline performance (Cohen's d = 3.02, r = .83). In this study, a moderately strong effect of the BF-saporin lesion on the rats' performance on the overlapping odor pair was observed under the influence of the lower 0.125-mg/kg dose of scopolamine relative to their normal saline performance (Cohen's d = 1.33, r = .55). Because it was expected that the BF-vehicle rats would not be more sensitive to the effects of proactive interference under the influence of a 0.125-mg/kg dose of scopolamine, it is not surprising that there was a very weak effect of scopolamine on their performance (Cohen's d = .29, r = .14).
Oxotremorine. The BF-saporin rats were hypersensitive to the oxotremorine-induced hypothermia. The core body temperature (in degrees Fahrenheit) was measured and submitted to a 7X2 mixed ANOVA with one within-group factor (time) and one between-group factor (lesion condition). The core body temperature did decrease over time, F(7, 63) = 237.2, p = .0001. The two groups differed in their change in core body temperature in response to oxotremorine: main effect of lesion, F(l, 9) = 6.92, p = .03, indicating a relative hypersensitivity of the muscarinic cholinergic receptors of the BF-saporin rats (see Table 1 for the planned comparisons of the change in core body temperature between the two conditions at each 5-min interval). 
Discussion
The BF-saporin rats and BF-vehicle rats performed comparably on acquisition of the experimental odor pairs (A-C+, D+E-). Thus, there was neither a global learning deficit nor an increased sensitivity to proactive interference in the BF-saporin rats. Unlike the previous scopolamine effect (De Rosa & Hasselmo, 2000) , proactive interference was not exacerbated by the selective removal of cholinergic nuclei of the BF.
To account for the BF-saporin rats' intact learning performance, we tested for two possible mechanisms in the BF-saporin rats that could support their intact performance: (a) weakened, but not absent, cholinergic transmission, tested by giving a low dose of scopolamine; and (b) increased sensitivity of the muscarinic receptors, tested by examining sensitivity to oxotremorine-induced hypothermia. Proactive interference was selectively increased in the BF-saporin rats, but not the BF-vehicle rats, under the influence of scopolamine relative to their normal saline performance. The BF-saporin rats were also hypersensitive to the oxotremorineinduced hypothermia, indicating hypersensitivity of postsynaptic muscarinic receptors.
One explanation of these data is that the cholinergic lesions were not sufficiently extensive to produce functional impairment on their own. We did not perform quantitative neurochemical assays on the subjects in the present study, given the limited sample. However, we confirmed extensive loss of cholinergic neurons in the BF of the lesioned rats in the present study, and lesions of similar extent produced impairments in attention and conditioned responding in another study (Baxter, Bucci, Holland, & Gallagher, 1999) , making this explanation unlikely.
General Discussion
The motivation for this study was to localize an effect of scopolamine that was found to selectively increase rats' sensitivity to proactive interference between paired-associate odor stimuli (De Rosa & Hasselmo, 2000) . However, the assumption that the cholinergic modulation necessary for processing this task is taking place in the olfactory cortex was not confirmed. The simultaneous discrimination task was sensitive enough to produce proactive interference between odors in all of the rats. Unlike the scopolamine effect in the previous study, proactive interference was not exacerbated by the removal of the cholinergic neurons in the HDB. Rats with bilateral selective cholinergic lesions in the HDB showed no selective impairment on acquisition for the overlapping odor pair. In addition, both lesion groups of rats performed comparably under the influence of 0.125 mg/kg scopolamine, suggesting that there was no change in the level of cholinergic modulation in the HDB-saporin rats.
Collectively, these results reveal that lesions limited to the HDB cholinergic neurons are insufficient to influence olfactory associative learning. Removal of cholinergic input to olfactory cortex may only affect simple featural representations of odor pair components, but not the acquisition of odor associations. For example, other lesion studies that investigated the role of the HDB observed an impairment in the rats' ability to form an accurate perceptual representation of odor stimuli. Paolini and McKenzie (1993) investigated olfactory habituation in rats that received bilateral electrolytic lesions to the medial HDB. They observed that the HDBlesioned rats were slow to treat an odor as familiar in a nonassociative habituation task. The HDB lesion did not affect their ability to detect a novel odor. These authors noted some decrease in olfactory discrimination sensitivity, but this is most likely due to damage caused to feedback to the olfactory bulb by the electrolytic lesion in the rostral portion of the HDB. Linster, Garcia, Hasselmo, and Baxter (in press) demonstrated that selective bilateral immunotoxic cholinergic lesions of the HDB affected rats' perceptual ability to discriminate between similar odor stimuli (e.g., a family of odors of similar carbon chain lengths such as n-aliphatic aldehydes) in a generalization paradigm. In the present study, unlike the two reported previously, the rats were encouraged to construct a representation of the entire set of distinct odor stimuli instead of a single odor dictating the nature of their response.
The most parsimonious explanation of the results from Experiment 1 is that disruption of cholinergic input to other cortical areas would be required to increase proactive interference between olfactory memories. The cholinergic effects relevant to prevent proactive interference in olfactory cortex are also at work in other cortical structures (e.g., in the hippocampus: A similar laminar selectivity of cholinergic suppression has been demonstrated in the hippocampal formation; Hasselmo & Schnell, 1994) . Specifically, synaptic modification of the Schaffer collaterals may store associations between activity in Region CA3 and the afferent input to Region CA1 from the entorhinal cortex. Consequently, we tested rats with selective removal of all of the cholinergic nuclei of the BF in Experiment 2 to reveal whether a complete removal of BF cholinergic input to cortical structures would increase proactive interference from stored odor associations. The full BF lesion, however, also failed to exacerbate proactive interference from previously learned odor pairs.
After removing virtually all of the cholinergic cells in the BF, the BF-saporin rats had comparable acquisition to BF-vehicle rats on the proactive interference odor task. The failure of a complete lesion of BF cholinergic neurons to reproduce the effect of scopolamine on this task (De Rosa & Hasselmo, 2000) is surprising. Houser, Crawford, Salvaterra, and Vaughn (1985) raised the possibility that ACh could play more than one role in cortical function, because of the existence of both intrinsic and extrinsic sources of cholinergic innervation. Hence, normal acquisition in the BFsaporin rats may reflect either compensation by any few remaining, undamaged extrinsic cholinergic projections from the BF or a compensatory mechanism in the intrinsic cortical cholinergic neurons after the removal of the extrinsic cholinergic system. As mentioned, given the presence of persistent impairment in other behavioral domains after removal of BF cholinergic neurons (e.g., , we think the former explanation is less likely.
Alternatively, the intact modulation of proactive interference in BF-saporin rats may indicate that scopolamine affects proactive interference through a neural substrate other than the BF (e.g., intrinsic cholinergic neurons in the striatum). It is also possible that cholinergic modulation of proactive interference is indirect and mediated by effects on another transmitter system (e.g., noradrenergic projections to the forebrain from the locus coeruleus; El-Etri, Ennis, Griff, & Shipley, 1999) or cortical GABAergic neurons, which selectively reduce the influence of the intrinsic synaptic inputs through activation of the presynaptic GABA B receptor (Tang & Hasselmo, 1994) .
Despite the failure of the BF lesions to exacerbate proactive interference on their own, BF-saporin rats were more susceptible to proactive interference after muscarinic receptor blockade. A 0.125-mg/kg dose of scopolamine had no effect, relative to normal saline, on acquisition of this olfactory associative memory task in normal rats (De Rosa & Hasselmo, 2000) . However, under the influence of a 0.125-mg/kg dose of scopolamine, the BFsaporin rats were impaired on acquiring the overlapping odor pair (A-C+) but not on acquiring the nonoverlapping odor pair (D+E-) relative to their normal saline performance. The BFvehicle rats were not impaired on the acquisition of either odor pair under the influence of scopolamine relative to their normal saline performance. The selective increase in proactive interference in the BF-saporin rats indicates that the remaining cholinergic modulation is less able to prevent proactive interference in the BF-saporin rats. This weakening of cholinergic modulation, evidenced by an increased sensitivity to scopolamine, has been observed in the elderly (Flicker, Ferris, & Serby, 1992; Molchan et al., 1992) . Notably, the elderly participants in Molchan et al.' s (1992) study had a tendency to increased perseveration under the influence of scopolamine. This increased sensitivity to scopolamine has also been demonstrated after ibotenic acid nBM lesions in nonhuman primates performing a delayed nonmatching-to-sample task (Aigner et al., 1987; Voytko et al., 1994) and a matching-tosample task (Ridley, Murray, Johnson, & Baker, 1986) .
The BF-saporin rats were hypersensitive to oxotremorineinduced hypothermia, suggesting that their muscarinic receptors may have been more sensitive to the remaining cholinergic transmission, thus explaining the increased susceptibility to scopolamine in BF-saporin rats. With regard to the computational model of cholinergic involvement in modulation of proactive interference, it is possible that the BF lesions removed the robust suppression of transmission at the intrinsic fibers, which still allowed prevention of proactive interference at normal acquisition but rendered the BF-saporin rats more vulnerable to a blockade of the remaining cholinergic effects by scopolamine. This 0.125-mg/kg scopolamine impairment on acquisition of A-C + , seen in BFsaporin rats, without the impairment in performance of A+B -could be due to the absence of sufficient depolarization of the afferent fibers of the lateral olfactory tract relative to the synaptic transmission at the intrinsic fibers. This would then allow the previously acquired odor pair, A+B -, to be retrieved more easily in the BF-saporin rats treated with 0.125 mg/kg scopolamine, thereby producing the observed exacerbation of proactive interference.
The effect of scopolamine observed previously in this task (De Rosa & Hasselmo, 2000) suggested that ACh may play a specific role in attenuating associative interference rather than a general role in supporting acquisition of associative memories. In the present studies, the immunotoxin 192 IgG-saporin was used to test the hypothesis that BF cholinergic nuclei were the source of cholinergic modulation of proactive interference. This specific functional hypothesis for ACh had never been tested with the immunotoxin. Although the specific locus (loci) of the scopolamine effect was not revealed in these studies, the present findings, taken together with previous results, support a role for cholinergic modulation of proactive interference in associative learning, which does not require the presence of BF cholinergic neurons to operate.
